Memory characteristics of organic field-effect transistors (OFETs) fabricated using poly(-methyl-L-glutamate) (PMLG) and poly(-benzyloxycarbonyl-L-lysine) [PLys(z)] as gate dielectrics are investigated. The origin of difference in the memory retention property in the transfer characteristics of the OFETs is investigated by thermally stimulated depolarized current (TSDC) and dielectric spectra measurements for the PLys(z) and PMLG films. TSDC measurements reveal that the depolarization of the PLys(z) film is mainly dominated by a single relaxation process around room temperature, but that of the PMLG film is not dominated by a relaxation process. Further, the PLys(z) film shows dielectric dispersion near room temperature, but the PMLG film does not show any dispersion. This causes difference in the electric characteristics of OFETs.
Introduction
Organic field-effect transistors (OFETs) with functional gate dielectrics have attracted significant attention recently because the electrical characteristics of OFETs are sensitive to the dielectric functionality of gate dielectrics. [1] For example, the application of a ferroelectric material as a gate dielectric enables the operation of OFETs as memory devices. [2] Thus, extensive research is being carried out to develop OFETs with ferroelectric polymers such as poly(vinylidene fluoride/trifluoroethylene)
[p(VDF/TrFE)] copolymer, MXD6, and nylon for realizing flexible OFET-based memory devices. [3] [4] [5] In addition, we have been focusing on the memory behavior of OFETs fabricated using polypeptide as a gate dielectric. [6] [7] [8] [9] Since polypeptides have a great variety of chemical structures and good solubility in organic solvents, polypeptides are compatible to flexible and printed OFET-based memory devices.
However, only a few results on the use of a polypeptide as a gate dielectric in OFETs are known. Thus, understanding the effect of the dielectric behavior of polypeptides on the electric characteristics of OFETs is important for further development of OFET-based memory devices.
The main and side chains of polypeptides contain polar bonds, and these chains afford unique features to polypeptide films. One such remarkable feature of polypeptides is the formation of an -helical structure in a polypeptide film because of the intramolecular hydrogen bond between amide bonds in the main chain. That is, the dipole moments of amide bonds align along the axial direction of the -helix. As a result, the -helix forms a large dipole (-helix dipole). [10] A schematic representation of the hydrogen bond and -helix structure is presented in our previous report. [9] The side chain also possesses dipole moment, which is located outside the -helix. [11] In our previous study, we concluded that the dipole moments in the -helix and side chain would affect the memory characteristics of OFETs. [8, 9] The formation of a crystalline -helix structure influences the memory behavior of OFETs. In addition, side chain motion and the crystalline structure of the gate dielectric film also affect the memory characteristics of OFETs. Furthermore, the memory retention characteristics of OFETs depends on the changes in the side chain. [9] However, the effect of the dipole moments of the -helix and side chain on the memory characteristics of OFETs is still not clear because only a few OFETs with polypeptide films have been studied and further investigation on the effect of difference in the side chain on the memory characteristics of OFETs is necessary. In this study, we focused on polymers with different side chains, and investigated the correlation between the relaxation of dipole moments and memory performance of OFETs.
Experimental procedure 2.1 Materials
We used poly(-methyl-L-glutamate) (PMLG, M/I = 120), and poly(-benzyloxycarbonyl-L-lysine) (PLys(z), M/I = 100) (Ajinomoto Co., Ltd.) as gate dielectric polymers ( Fig. 1(a) and 1(b) ). The specific difference between these polymers is the dipole moment of the side chain. Plys(z) has a large dipole moment at the amide bond compared with the carbonyl group in PMLG. A thin film of pentacene (Naad Co. Ltd., purified by vacuum sublimation) was used as an active OFET layer.
Transistor characteristics
For use as gate dielectric layers, ~1-m-thick PMLG and PLys(z) films were formed by spin-coating on ITO/glass substrates, where ITO was used as a gate electrode. A thin pentacene film was formed by vacuum deposition at a rate of 0.02-0.03 nm s -1 on the polymer films. Subsequently, gold was deposited on the pentacene layer by vacuum deposition at a rate of 0.03 nm s -1 through a shadow mask for use as source and drain electrodes. The film thicknesses of the pentacene layer and gold electrodes were 30 and 50 nm, respectively. The channel width (W) and channel length (L) of the electrodes were 5 mm and 20 m, respectively. The schematic structure of an OFET is shown in Fig. 1 (c). For transfer characteristics measurements, V G was swept from 100 to -100 V with a step voltage of -2 V. The decay of the "ON currents" of the OFETs was also measured as a memory retention measurement. The drain current (I D ) was continuously measured at V D = -10 V after writing at a gate voltage of -50 V only once. The transfer characteristics were measured using Agilent 2902A source meters in vacuum at room temperature.
Further, memory retention measurements were performed using Keithley 2400 and 6430 source meters in vacuum at room temperature.
Thermally stimulated depolarized current
Thermally stimulated depolarized current (TSDC) of the polypeptide films were measured using a Rigaku TS-FETT electron trap measurement system. As dielectric layers, PMLG and PLys(z) films were formed on ITO/glass substrates; the procedure for thin film fabrication was similar to that for the gate dielectrics of the OFET. Top gold electrodes (100 nm) were deposited on the film. The active area of the device was ~4 × 5 mm 2 . The dielectric films were first polarized by the application of polarization voltage (V P = -60 V) between the two electrodes for 5 min. After the polarization treatment, the samples were cooled down from room temperature to -150 °C at a freezing rate of 20 °C /min to freeze the dipole orientation. V P was applied during freezing. With V P turned off and the sample short-circuited, TSDC due to dipolar reorientation was measured. The temperature of the sample was increased from -150 °C to 100 °C at a heating rate of 10 °C /min. The procedure adopted was similar to that 2.4 Dielectric spectra Dielectric spectra of the polypeptide films were measured using an NF ZM2371 LCR meter in vacuum. The device structure used for the dielectric spectra measurement was similar to that used for the TDSC measurement. The active area of the device was 2 × 2 mm 2 . A frequency sweep measurement was conducted in the temperature range from -150 °C to 100 °C with a step temperature of 10 °C. At each temperature, the capacitance and loss tangent (tan) of the sample was measured in the frequency sweep range from 100 mHz to 100 kHz.
Results and discussion

Transistor characteristics
Figures 2(a) and 2(b) show the transfer characteristics of the OFET with a PMLG film and PLys(z) film, used as gate dielectrics, at V D = -20 V. In each case, clockwise hysteresis in the drain current was observed as a function of V G ; these results were consistent with those in our previous report on OFET-based memory. [7] [8] [9] This memory behavior was attributed to the polarization of the polypeptide amide bonds by the electric field generated by the applied V G . The shifts in the transfer curve at I D = 10 -7 A (memory window, V), as observed in Fig. 2 (a) and 2(b), were ~84 V (PMLG) and ~16 V [PLys(z)]. As shown in the case of reverse sweep of the transfer curves, a sharp drop in the drain current in the negative gate voltage region was observed in the case of PLys(z). On the other hand, the ON state (high conductivity state) of the OFET with PMLG was maintained in the positive gate voltage region. Thus, the drain current ratio between the ON and OFF states at V G = 0 V (ON/OFF ratio) of the OFET with PLys(z) was 1.2, which was smaller than that of PMLG (11) . In addition, a quick decay in the drain current was shown by the memory retention characteristics of the OFET with PLys(z), which was much faster than that observed in the case of PMLG (Fig. 3) . This result indicated that certain factor(s) in the PLys(z) film induced carriers under the application of an external electric field and that the film could be relaxed easily after the removal of the field. These transistor characteristics results suggested that the polarization, caused by dipole orientation, that induced the memory characteristics of the OFET with PLys(z) was quickly relaxed around room temperature.
TSDC measurement
Since the TDSC measurement is highly sensitive to molecular motion in the dielectric film, the dipole motion induced by dielectric relaxation as a function of temperature can be detected. [13, 14] On the basis of this detection, the difference between the transistor characteristics of OFETs caused by the dipole relaxation can be clarified. Thus, to obtain further insight on the effect of dipoles on the transistor characteristics, we measured the TSDC of the polypeptide films. The TSDC spectra for current versus temperature are shown in Fig. 4(a) and 4(b) . In Fig. 4(b) , a sharp peak at around 25 °C can be observed; this peak indicates that depolarization occurred in the polarized PLys(z) film at room temperature. Further, the sharp increase in TSDC in the region 0-30 °C suggests that the depolarization of PLys(z) in this region was mainly dominated by a single relaxation process that would have been caused by the dipole orientation induced by side chain motion. Moreover, dipoles in the PLys(z) film that was oriented by the external bias could move easily in this temperature region. Thus, the weak retention ability of the OFET with PLys(z) was maintained, as shown by the reverse sweep in Fig. 2(b) and the readout of I D in Fig. 3(b) , which was measured at room temperature. On the contrary, a broad peak can be observed at around 40 °C in Fig. 4(a) ; this peak suggests that the depolarization of PMLG was not dominated by a single relaxation process at room temperature, where interactive relaxation between the -helix and side chain dipoles would be assumed. Thus, the ON state of I D during the reverse sweep in Fig. 2(a) and the readout of I D in Fig. 3(a) , which was measured at room temperature, were preserved. As the TSDC spectra were consistent with the hysteresis behavior in the transfer characteristics and memory retention of the OFETs, we concluded that there was a difference between the dipole relaxation in the PLys(z) and PMLG films. The former was mainly dominated by the dipole motion of the side chain, and the latter was dominated by multiple relaxations; this difference resulted in different electrical characteristics for OFETs with these films.
Dielectric spectra
To confirm the results shown by TSDC spectra, the dielectric response of PLys(z) and PMLG films to an external electric field were measured. The plots of tan for PLys(z) and PMLG films as a function of temperature at 10 Hz are shown in Fig. 5 . The dielectric dispersion of the PLys(z) film was observed at around 40 °C, and tan of the PMLG film did not change in this region. The slight difference between the peak temperature as indicated by the TSDC and dielectric spectra result was attributed to the sensitivity of the temperature gauge and/or the stability of the thermostatic chamber. The dielectric dispersion 
result indicated that the dipoles in the PLys(z) film responded more readily to an external electric field than that in the PMLG around room temperature. That is, the dipolar motion in the PLys(z) film was more sensitive to an external electric field. This result is consistent with the transistor characteristics results for OFET and TSDC spectra. In addition, we considered the chemical structure of PLys(z) and PMLG, in which the side chains with dipole moments were different. Further, the crystallinity of the main chain in the PLys(z) film was higher than that of PMLG.
[9] Thus, we concluded that in the case of the crystalline PLys(z) film, the dipoles in the side chain would likely respond easily to an external electric field. In the case of the PMLG film, we considered that the response of dipoles to the external electric field would be sluggish owing to the interaction between the -helix dipole and side chain dipole. This was attributed to the difference in the transistor characteristics of OFETs. To confirm this conclusion, further detailed temperature-dependent analysis and the dielectric investigation of the polypeptide film will be published elsewhere.
Conclusion
We investigated the temperaturedependent dielectric behavior of polypeptide films. By comparing the results for transistor characteristics with those for TDSC and dielectric dispersion, we concluded that the difference in the relaxation of the dipoles in the polypeptide films caused the difference in the electric characteristics of OFETs.
